The ideal adsorbed solution theory (IAST) is the most widespread theory for multicomponent adsorption 11
Introduction 26
Adsorption materials are increasingly attracting interest because they permit almost selectively the separation 27 of targeted compounds, often reducing energy consumption compared with traditional separation techniques. 28
Thanks to their ability of selectively capturing single compounds from complex multicomponent mixtures 29 (Minceva and Rodrigues, 2005) thermodynamics plays a fundamental role in the system design. 33
In the majority of practical cases, the separation of a selected compound from a multicomponent mixtures is 34 required and consequently multicomponent adsorption thermodynamic theories are regarded with a particular 35
interest. Presently, the most widespread multicomponent adsorption theory is the ideal adsorbed solution 36 theory (IAST) (Myers and Prausnitz, 1965) . The reason of its success consists in the possibility to predict 37 multicomponent adsorption equilibrium from single component adsorption isotherms.
38
In the IAST, an ideal gas phase and an adsorbed phase are in equilibrium. The adsorbed phase is considered 39 an ideal solution following the Raoult's law. In several cases this is an acceptable assumption or can offer a 40 useful initial result for a more refined interpretation (Cessford et al., 2012; Yun et al. 2002) . 41
Multicomponent gaseous mixtures are considered in this paper, but the IAST can be applied similarly to 42 liquid mixtures. The mathematical formulation of the problem consists in the solution of the following 43 algebraic-integral equations: 44 0 1, 2,.... thermodynamic equilibrium must be considered. The system is at equilibrium when the reduced spreading 55 pressure (п i A/(RT)) has the same value for each component. So the equilibrium condition is represented by 56 the following iso-spreading pressure condition: 57
The problem can be solved giving P tot , y i and the adsorption isotherms f i (P i 0 , T) with parameters computed by 59 single component adsorption equilibrium data. The unknowns of the system are x i , п i , P i 0 and q i 0 . 60
An extensive review of the different approaches proposed for the solution of the problem above has been 61 presented in [8], highlighting the following main issues of the described strategies: 62 1) An inversion of the spreading pressure function is needed and only in few cases such inversion is 63 analytical; 64
2) An initial guess should be provided in order to find a solution. 65
These issues are overcome following the method proposed in (Rubiera Landa et al., 2013). Integration of IAST equations with adsorptive bed dynamics equations is an additional issue. There are three 79 possibilities to couple IAST equations in adsorptive bed dynamics. Firstly, the spreading pressure can be 80 treated as a dependent variable of time and space and added to the differential system describing bed 81 dynamics (Mota and Rodrigo, 2000) . This results in a strongly non-linear system of differential-algebraic 82 equations which is difficult to solve, computationally expensive and time consuming. For this reason the 83 most common methodology consists on the computation of the adsorption equilibrium separately to bed 84 dynamics in each time step. Also the approach is time consuming because it obliges to exit and enter 85 continuously the IAST equations solver with new conditions. The third strategy is the use of the B-Spline 86 approach (Santos et al. 2011) . It allows to pre-compute the equilibrium states and this can mitigate the issues 87 for the binary system case, but for more than two components the B-Spline approach results in additional 88 multidimensional fitting issues, losing its advantages. 89
This paper presents an investigation on the solution of the IAST equations using analytical expression of the 90 spreading pressures for the adsorbed components and a direct search minimisation approach for the iso-91 spreading pressure condition of eq. (5). The method is tested on a number of adsorption isotherms and on 92 binary and ternary systems. 93
The immediate way to implement direct search methods for adsorptive bed dynamics is the use of a separate 94 solver. The proposed investigation is not a contribution to the solution of these issues, which are still open. 95
On the basis of the reported results, direct search methods are expected to reduce the time spent for 96 equilibrium calculations in comparison with the traditional IAST method and consequently the overall bed 97 dynamics simulation times. 98 99
Solution of the IAST equations through direct search minimisation methods 100
The IAST equation system can be reduced through successive substitution of variables to a smaller system of 101 iso-spreading pressure conditions. Table 1 shows the analytically integrated form of the spreading pressure 102
for some adsorption isotherms. The spreading pressure are expressed in terms of molar fractions x i through a 103 preliminary change of variable from P i 0 to x i substituting the eq. (1) into eq. (4). 104
For sake of clarity, taking the Dual Langmuir isotherm, spreading pressure in terms of molar fraction is 105 obtained by the following change of variable: 106
Accordingly, the spreading pressure integral becomes: 108
The integration of eq. (7) results in the expression listed in Table 1 for Dual Langmuir isotherm. An 111 additional result of this paper is represented by the analytical expression for spreading pressure of the Unilan 112 isotherm, which was deemed not computable (Do, 1998) . 113 114 115
Using the spreading pressures listed in Table 1 , the iso-spreading pressure condition can be set as a 116 minimisation problem. Using eq.(2), the objective function of the minimisation problem becomes for the 117 binary case: 118
and for the ternary case: 120
Considering the isotherms in Table 1 , the resulting objective functions present only a minimum whose 122
coordinates correspond to the equilibrium condition. This feature makes the minimisation problem 123 particularly easy to solve even by direct search local minimisation algorithms. 124
The advantage in the change of the independent variable of the spreading pressure (from P i 0 to x i ) consists in 125 the chance of constraining the molar fractions x i in their feasible interval (0,1). So for the more general 126 ternary case, the optimization problem is stated as: 127 128 
Minimize the objective function f ternary (x 1 ,x 2 ) subject to constraints 0<x 1 <1-x 2 and 0<x 2 <1-x 1 129 130
From the solutions of this problem the number of total adsorbed moles is calculated with: 131
All the computations presented in this paper were performed with Nelder-Mead minimisation algorithm 133 (Nelder and Mead, 1965) The minimisation approach is applied only to few case studies due to the limited number of experimental 141
data for binary and ternary systems of acceptable quality. The parameters used for the single component 142 adsorption isotherms are reported in Table 2 and Table 3 . 143 144 145 146
Binary systems 147
The adsorption of the binary system Methane(1)/Ethane(2) in BPL activated carbon is analysed, regressing 148 the data with Dual Langmuir (DL) and Toth isotherms adopting parameters of Table 2 . Table 4 shows a 149
comparison of the experimental data with the equilibria predicted by IAST using same isotherms (DL-DL or 150
Toth-Toth) for both the components. 151 152 (Do, 1998; Myers and Valenzuela 1986; Valenzuela and Myers, 1989) 153
These results are presented in order to evaluate the advantage of the proposed solution method compared 154
with the conventional approach of Myers (Myers and Valenzuela, 1986; Valenzuela and Myers, 1989) and 155 and calculation times lower than the traditional approach of about one order of magnitude which make the 157 minimisation approach applied to binary systems adsorption comparable with the FASTIAS presented by 158
O'Brien and Myers in (O'Brien and Myers, 1988) . 159
Approaching the solution of eq.(8) as a minimisation problem has the following advantages: (i) it mitigates 160 the necessity of an initial guess to apply the Newton method, substituting it with a set of initial points. This 161 means that the solution is not affected by the closure of the initial condition to the final solution; (ii) the 162 inversion of the spreading pressure function; (iii) the solution of an algebraic nonlinear system of equations. 163
The problem is visualized in Figure 1 where the spreading pressure curves are plotted as a function of the 164 molar fraction of methane. The equilibrium is represented by the value of the molar fraction where the spreading pressure difference 172 curve has zero value. Because of high nonlinearity of the spreading pressure curves, it is more convenient to 173 adopt a minimisation algorithm instead of trying to solve numerically the equation. Moreover, adopting eq. 174
(8) instead of the difference curve the objective function assumes only one minimum. So even local 175 optimization algorithms are suitable to find the correct solution. Similarly to the binary equilibrium, the ternary equilibrium can be described by the objective function of eq. 194
(7). This objective function is a surface which, after the substitution of eq. (2), is a function of two 195 independent molar fractions (x 1 , x 2 ). Figure 2 shows an illustrative example of objective function surface. It 196 is convex and it has only a minimum whose coordinates are the equilibrium compositions. Because of the 197 absence of additional local minima, also in this case the objective function can be easily explored by 198 whatever local or global minimisation algorithm. A different representation of the problem is reported also in 199 As reported in Table 4 and Table 5 , the calculation times are lower than the times required by the traditional 213 solution approach, comparable to FASTIAS approach for binary mixtures adsorption and higher up to 4.2 214 times than the FASTIAS approach for ternary mixtures adsorption. However these times could be further 215 reduced selecting more effective minimisation algorithms tailored on this specific problem. 216 217
Conclusions 218
An alternative procedure for the solution of the IAST equations was proposed. The procedure is based on the 219 minimisation of the iso-spreading pressure condition and leads to values close to the experimental 220 equilibrium concentrations without any involvement of spreading pressure inversion and initial guess, which 221
are the typical requirements of the presently adopted solution approaches. 222
The procedure was tested on binary and ternary systems adsorption using Dual Langmuir, Toth, Unilan and 223
O'Brien and Myers isotherms. A comparison with the most used existing solution procedures was presented 224 in terms of calculation times which are fundamental in theoretical studies of adsorbent bed dynamics. 225
In terms of calculation times, the proposed solution procedure is quicker than the traditional solution method 226 (Do, 1998; Myers and Valenzuela 1986; Valenzuela and Myers, 1989 
